A low-cost medium, MGRS, has been developed for growth and lipase production from Bacillus THL027 at 65³C and pH 7.0. MGRS was composed of 2% (v/v) buffer solution (7.3% (w/v) Na 2 HPO 4 , 3.2% (w/v) KH 2 PO 4 , pH 7.2), 40 Wg ml 31 FeSO 4 and 40 Wg ml 31 MgSO 4 , 0.1% (w/v) (NH 4 ) 2 SO 4 supplemented with 3% NaCl, 0.1% glucose, 1.0% rice bran oil and 0.5% (w/v) rice bran. The lipase was purified 2.6-fold to apparent homogeneity by ultrafiltration and gel filtration chromatography. Its molecular mass was 69 kDa. The purified enzyme was characterized for its general physical properties. ß
Introduction
Lipases have long been recognized to have potential for various industrial applications. Most of those produced commercially are currently obtained from fungi and yeasts [1] . However, interest in bacterial lipases has increased due to the fact that they are more stable than those from other organisms, especially when exposed to high temperatures and other severe conditions [2] . Moreover, enzymes from thermophilic bacteria have even higher stability under severe operational and/or storage conditions [3] . Furthermore, salt tolerance has been reported to enhance the stability of thermophilic enzymes [3] . In this study, a thermophilic Bacillus strain THL027 (THL027) was isolated from an oil-contaminated area around a seaside restaurant. This paper describes methods for production, puri¢cation and characterization of an extracellular lipase from THL027 for potential industrial applications.
Materials and methods

Bacterial strain and cultivation
Bacillus THL027, the lipase producer, was culti- 
Lipase assays
All reactions were performed at 65³C for 30 min unless otherwise indicated. Determination of lipase activity was done by the titrimetric method [4] . The assay mixture contained 1 ml of olive oil, 4 ml of 50 mM Tris-HCl (pH 7.8), 0.05 ml of 1 M CaCl 2 and 0.05 ml of enzyme solution. The reaction was stopped by the addition of 10 ml of 95% ethanol. Fatty acids released were determined by titration with potassium hydrogen phthalate (KHP) standardized with 10 mM KOH. One unit of lipase activity was de¢ned as 1.0 Wmol of fatty acid liberated per min.
Analytical methods
Determination of reducing sugar concentration was done using the DNS method [5] . The protein concentration in each fraction from column chromatography was determined by measuring the absorbance at 280 nm (Spectronic 1001 plus, Milton Roy Co., USA). For the pooled fractions obtained from each puri¢cation step, the protein concentration was determined using a Bio-Rad Protein Assay Kit according to the manufacturer's instruction. Bovine serum albumin at 20^120 Wg was used as a standard.
Puri¢cation of lipase
THL027 lipase was puri¢ed to apparent homogeneity by a single Sephadex G-100 gel ¢ltration step.
The crude enzyme for column chromatography was concentrated by ultra¢ltration using a stirred cell (Amicon) with a Dia£o 0 membrane of 10 000 Da cut o¡. Speci¢cally, 50 ml of cell-free supernatant of THL027 culture broth was ¢ltered at 2.76 kPa pressure for approximately 2 h. The concentrated solution of approximately 10 ml was applied to a Sephadex G-100 gel ¢ltration column (2.6U70 cm; Pharmacia Biotech Co., Sweden) equilibrated with 10 mM potassium phosphate bu¡er (PPB, pH 7.0) and eluted with the same bu¡er. Fractions of 2.0 ml were collected every 15 min and assayed for protein and lipase activity. Fractions with high lipase activity were pooled and concentrated. The samples were then stored at 4³C until used.
Electrophoresis
PAGE under non-denaturing conditions and SDS-PAGE were carried out as described by Laemmli [6] . For non-denaturing PAGE, a 6% separating gel and a 3% stacking gel were used. For SDS-PAGE, a 7.5% separating gel and a 3% stacking gel were used, each containing 5 M urea and 0.5% (v/v) Triton X-100. All gels were run at 20 mA for 120 min. Proteins were stained using the silver staining procedure (Bio-Rad). Molecular mass markers used in this study were purchased from Sigma Chemical Co.
Thin layer chromatography
Positional speci¢city of the lipase was determined by use of a method modi¢ed from that described by Lesuisse et al. [7] . Brie£y, 40 mg of pure triolein was sonicated in 2 ml of 0.1 M Tris-HCl (pH 8.0) containing 1 mM calcium chloride for 3 min. The enzyme sample (V200 Wg) was then added and the reaction mixture was incubated at 65³C for 2 h. After incubation, the reaction products were extracted by the addition of 1.5 ml diethyl ether. The extract was concentrated by evaporation and applied to a silica gel plate (Merck Co.). A standard mixture of tri-, di-, and monoolein (Sigma Chemical Co.) was used as a reference. Plates were developed with a 96:4:1 mixture (by volume) of chloroform/acetone/ acetic acid. The spots of glycerides and fatty acids were visualized by exposure to iodine vapor.
Results and discussion
Growth and lipase production by Bacillus sp. THL027
When grown in NB, THL027 was found to tolerate salinity up to 3% NaCl. Lipase from the NB+3% NaCl (NBS) culture was active in the presence of NaCl up to 5%. Activity at 3% NaCl was 7.8 U ml 31 while that at either 0% or 5% NaCl was 2.2 U ml 31 . Lipase production of THL027 in NBS was found to be further enhanced by addition of 1.0% of various edible oils (e.g. olive oil, palm oil, soybean oil, tuna oil and rice bran oil). Activity was increased by 11% with either soybean oil or tuna oil, by 39% with palm oil and by 52% with either olive oil or rice bran oil. Based on local cost and availability, 1.0% rice bran oil was chosen as the most suitable inducer for lipase production by THL027.
E¡ects of temperature during 48-h growth of THL027 were determined in NBS+1% rice bran oil. THL027 could grow and produce lipase at temperatures ranging from 25³C to 70³C with maximum production occurring at 65³C. To test the e¡ect of pH, NBS cultivation medium was used. Oil inducers were omitted since they formed colloids at very low pH and saponi¢cation at high pH. The optimum conditions for growth and lipase production were 65³C and pH 7.0.
Puri¢cation and characterization of THL027 lipase
Prior to chromatography of the concentrated crude enzyme, NaCl was eliminated by dialysis and this caused a 21.4% reduction in activity. However, 97.3% of the activity was recovered by subsequent addition of 3% NaCl. This indicated that inhibition due to low salt was reversible. THL027 lipase was puri¢ed 2.6-fold with 27% yield by a single step of Sephadex G-100 gel ¢ltration chromatography in the absence of NaCl ( Table 1 ). The enzyme formed large aggregates which were easily separated from other proteins [8, 9] . The aggregation also caused a slight reduction in lipolytic activity during the puri¢cation steps [4, 7] . The purity was con¢rmed by the presence of a single band on non-denaturing PAGE gels (Fig.  1a) . The molecular mass of THL027 lipase was determined by SDS-PAGE to be 69 kDa (Fig. 1b) .
Puri¢ed THL027 lipase exhibited maximum lipolytic activity at pH 7.0 (Fig. 2a) . The enzyme stability at room temperature (28³C) under various pH conditions was expressed as deactivation velocity (DV). DV was the rate of activity decrease during 1-h storage. It was found that the enzyme was stable in the neutral pH range where the DV values were low (Fig. 2a) . In terms of temperature, the enzyme exhibited maximum activity at 70³C (Fig. 2b) . The enzyme was relatively stable under high temperatures as DV was lower than 2 U h 31 (Fig. 2b) . The remaining activity was higher than 80% after 1-h storage at temperatures ranging from 60³C to 75³C.
As to the e¡ect of ions (1 mM . However, the enzyme was sensitive to EDTA indicating that it was a metalloenzyme. Maximum activity was obtained in the presence of Na ion. The e¡ect of organic solvents was determined by mixing enzyme aliquots with tested solvents at a 1:1 ratio at room temperature for 2 h. Remaining activity was 87% in the presence of either isopropanol or methanol; 76% in the presence of either ethanol or acetonitrile and 65% in the presence of acetone. In the case of 1.0% SDS, remaining activities after 2 h and 24 h storage were 90% and 87%, respectively. These levels of stability were similar to or higher than those reported for other bacteria [9, 10] .
Substrate positional speci¢city of THL027 lipase was examined by thin layer chromatography. The hydrolytic products of THL027 from puri¢ed triolein after 2 h hydrolysis were 1,2(2,3)-diolein and monoolein (Fig. 3) indicating a preference for digestion of [4, 8] . This is similar to the enzymes from other strains of Bacillus sp., such as B. subtilis 168 [7] and B. thermocatenulatus [11] , and from some Gram-negative bacteria [10, 12] . Because of this position-speci¢c property, the enzyme could potentially be used for inter-or transesteri¢cation reactions to produce novel substances. With respect to fatty acid speci¢city, the enzyme hydrolyzed triglycerides containing short-to mediumchain saturated fatty acids (C4^C12) faster than it did saturated long-chain fatty acids (C14^C18) ( Table 2 ). The hydrolytic activity of THL027 lipase on various commercial food-grade fats and oils was determined at 65³C for 30 min by the titrimetric method. The enzyme was found to be active against all the lipids tested. The highest activity was found towards rice bran oil and olive oil (Table 3) . Potential applications of this enzyme should be further investigated.
Medium development for lipase production from
Bacillus THL027
Complex media were designed based on tests with MMP. As reported earlier, THL027 growth and lipase production was promoted with 3% NaCl, thus, MMP+3% NaCl (MMPS) was used. THL027 could grow and produce lipase even in MMPS but only at a low level (Table 4 ). Higher growth and lipase production was obtained when the medium was supplemented with 0.1% glucose and 1.0% rice bran oil (called MGRS). Supplementing MGRS with 0.5% yeast extract and 0.5% soybean meal raised lipase activity further to 8.1 U ml 31 which was very close to the activity obtained from the more expensive NBS+1% rice bran oil culture (i.e. 8.3 U ml 31 ). However, replacing yeast extract and soybean meal with the less expensive 0.5% rice bran gave a lipase activity of 7.8 U ml
31 . Based on lipase activity obtained per unit price of medium used, MGRS+0.5% rice bran was chosen as lipase production medium. The lipase activity obtained from this low-cost medium was 94% of that from the more expensive nutrient broth. 
